The epitaxial growth and electronic structures of graphene on transition metal substrates have attracted intense interest within a decade after the discovery of graphene flakes by mechanical exfoliation, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] driven by the unique opportunities to fabricate large-area uniform graphene layers with low defect density, which is crucial for applications in future devices. However, graphene wrinkles (GWs), which are essentially bended graphene structures that are chemically bonded with surrounding planar graphene (PG), often exist in graphene grown by chemical vapor deposition, due to the different thermal expansion coefficients of graphene and metal substrates. [17] [18] [19] [20] [21] [22] [23] [24] [25] Although a GW is still a part of the continuous two-dimensional (2D) graphene, it can be viewed as a quasi-one-dimensional (1D) structure, 25 due to its unique geometrical shape. Thus, the GWs might exhibit intriguing 1D electronic properties and influence the transport properties of graphene. 23, 25 Recently, Lim et al. studied the electron confinement in GWs by scanning tunneling microscopy and spectroscopy (STM/STS) and observed a 1D van Hove singularity (VHS) in the GWs in a graphene sheet grown on Ni(111). 25 However, a GW is distinct from other conventional 1D graphene-based nanostructures, e.g., graphene nanoribbons (GNRs) and carbon nanotubes (CNTs): A GNR has two edges, but a CNT has none. This raises an interesting question: Does a GW have effective edges and exhibit corresponding edge states?
In this work, we report on the edge states of the GWs in single-layer graphene grown on Ni(111) by means of STM/ STS. We show that the GWs are decoupled from the substrate, while the surrounding PG is strongly coupled with the substrate. The different graphene-substrate coupling leads to effective edges and 1D character of the GWs. The chiral edges of the GWs give rise to pronounced edge states around the Fermi level (E F ) in the density of states (DOS) of the GWs.
The experiments were carried out in an ultrahigh vacuum (base pressure of 1 Â 10 À10 mbar) low temperature STM system (Unisoku), equipped with standard surface preparation facilities including an ion sputtering gun and electron-beam heater for surface cleaning. The Ni(111) surface was cleaned by repeated cycles of ion sputtering using Ar þ with an energy of 1.5 keV, annealing at 600 C, and oxygen exposure at 400 C (5 Â 10 À7 mbar, 5 min). Prior to the growth of graphene, the surface cleaning of the Ni(111) substrate was checked by low energy electron diffraction and STM. Single-layer graphene was obtained via pyrolysis of ethylene on a Ni(111) substrate that was held at 800 C. 24 STM images were acquired in the constant-current mode. Differential conductance (dI/dV) spectra were collected by using a lock-in technique with a 0.5 mV rms sinusoidal modulation at a frequency of 973 Hz. All STM/STS experiments were performed with electrochemically etched tungsten tips at 4.3 K, which were calibrated with respect to the Au(111) surface state before and after spectroscopic measurements. The given voltages were referred to the sample. Figure 1 (a) shows a large-scale STM image of the asprepared single-layer graphene on Ni(111). The GWs indicated by the white arrows appear as 1D protrusions across the flat terraces that are covered by planar single-layer graphene. No moire pattern is observed on the PG. Figure 1 (b) displays a zoom-in on such a flat graphene region. A honeycomb lattice is clearly resolved. These behaviors indicate that the PG exhibits an 1 Â 1 structure with respect to the Ni(111) lattice, due to a nearly perfect matching between the graphene and Ni(111) lattices, in line with previous reports.
12 -14,24,26 dI/dV spectra acquired on the PG exhibit a sharp peak at about À125 mV and a broad peak in the range of 50 mV to 200 mV, as shown in Fig. 1(c) . This feature of dI/dV spectra is distinct from the V-shaped DOS near the Fermi level for free-standing graphene, suggesting that the electronic structure of graphene has been significantly altered due to the graphene-substrate interaction. Previous density functional theory (DFT) calculations based on the 1 Â 1 structure of graphene on Ni(111) reveal a distance of $2.1 Å between the graphene overlayer and the Ni(111) surface and a strong coupling between graphene and the a)
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substrate. [27] [28] [29] Recently, Garcia-Lekue and coworkers reported similar dI/dV spectra for graphene grown on Ni(111). 30 They assigned the sharp peak at about À125 mV and the broad peak in the range of 50 mV to 200 mV to the majority and minority states of graphene/Ni, respectively, according to the calculated spin-polarized DOS projected onto carbon atoms. 30 The p-electrons of graphene are strongly hybridized with the spin-polarized free electrons of the Ni(111) substrate. 30, 31 Notably, the dI/dV spectra collected on graphene/Ni(111) by Lim et al. display no significant peak in the vicinity of E F . 25 After clarifying the electronic structures of the PG, let us turn to the structural and electronic properties of the GWs. Figure 2(a) shows a three-dimensional (3D) STM topography image of a GW on a flat terrace of Ni(111). Line profile analysis (Fig. 2(b) ) reveals a width of $3.5 nm and a height of $0.28 nm. These values are rather small compared to the length of $30 nm (Fig. 2(a) ), evidencing a 1D geometry of the GW. The atomically resolved STM image (Fig.  2(c) ) illustrates that this GW is seamlessly connected with the PG. The carbon atoms of the GW are better resolved than the ones assigned to the surrounding PG, indicating that the GW is decoupled from the Ni substrate. This atomicresolution image is slightly distorted, as it is essentially an image of the bended GW projected on a plane. The edges of the GW can be clearly seen, which is neither zigzag nor armchair but a general chiral edge. According to the method reported in the previous work, 25, 34 this chiral edge can be described by an index of (4, 1). Figure 2(d) illustrates a schematic model of graphene on Ni(111) with a GW, showing that the GW can be viewed as a GNR due to the different graphene-substrate binding in the GW and planar graphene regions. The 1D geometry and the presence of effective edges are expected to result in unique electronic structures in the GWs.
To explore its electronic structures, we have measured dI/dV spectra across the GW shown in Fig. 2(c) . Figure 3 displays a series of dI/dV spectra collected at different sites across the GW shown in Fig. 2(c) . The dI/dV spectrum (red curve) acquired at the center of the GW exhibits a prominent peak at about À0.035 V, a weak peak at about 0.026 V, and two peaks at 60.22 V. Similar dI/dV spectra have been collected at different sites across the GW, except that the dI/dV spectrum (green curve) acquired at the edge of the GW exhibits a mixed feature of that of PG and that of the GW center. These behaviors indicate that the electronic structure of the GW is distinct from that of PG, due to the decoupling of the GW from the substrate. Meanwhile, the dI/dV spectra Fig. 2(c) . The curves are offset vertically for clarity. The prominent peak at À0.035 V and the weak peak at 0.026 V are assigned to the spin-split edge states, while the two peaks at 60.22 eV are attributed to the VHS states.
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Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP: 159.226.35.207 On: Mon, 07 Nov collected along the GW (not shown) exhibit a similar feature but different from the V-shaped DOS of free-standing graphene, suggesting that the 1D geometry of the GW is of great importance for its intriguing electronic structures. We assign the two weak peaks located at 60.22 eV to the VHS states, which always appear in pairs with respect to E F due to 1D electron confinement. 32 We note that the Landau levels induced by strain in the GW can be safely excluded in our work, as the positions of the peaks do not follow the relationship of E n / sgn(n)ͱjnj that are expected for the nth Landau levels in single-layer graphene. 33 Lim and coworkers recently studied the electronic structures of the GWs with various widths and chiral edges grown on Ni(111) by STM/ STS. 25 VHS states were observed for GWs with width <3.5 nm. 25 The measured gap between the VHS in our work is much smaller than that reported by Lim and coworkers, probably due to the larger width of the GW in our work than that in the previous report.
The prominent peak at À0.035 V and the weak peak at 0.026 V in the dI/dV spectra are assigned to the spin-split edge states of the GW, similar to the spin-split edge states observed in GNRs. 34 The different intensity of the two spinpolarized peaks might be due to the presence of the Ni substrate, which is spin-polarized and can enhance the peak with the same spin polarization, but suppress the one with the opposite spin polarization. Previous theoretical calculations revealed that a general edge structure that is not parallel to the armchair edge can have zero-energy edge states, 32, 35, 36 in line with our observations. Notably, several GWs with different lengths, widths and chiral indices were studied and similar edge states were observed. We note that the edge state around E F was absent in their dI/dV measurements. 25 In summary, we have investigated the structural and electronic properties of GWs in single-layer graphene grown on the Ni(111) surface by LT-STM/STS. The GWs are decoupled from the Ni(111) substrate, in contrast to the strong coupling between the PG and the Ni substrate. The different graphene-substrate coupling leads to effective edges and 1D character of the GWs. The chiral edges of the GWs give rise to pronounced edge states around the E F in the DOS, resulting in a metallic feature. Moreover, the 1D confinement of electrons leads to the appearance of VHS states in the GWs. As GWs have been widely observed for graphene epitaxially grown various metal substrates, similar edge states are expected for the GWs and might exert significant impact on the transport properties of the epitaxial graphene.
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